CXCR3-dependent recruitment and CCR6-mediated positioning of Th-17 cells in the inflamed liver Introduction
Th17 are a distinct subset of CD4 effector cells [1, 2] that develop under control of the nuclear receptor RORc in humans (RORct in mice) [3, 4] , in response to antigen priming in an environment rich in IL-6 and TGF-b [5, 6] . Th17 cells secrete cytokines IL-17A, IL-17F, IL-22, TNF-a, and IFN-c [2] and provide protection against pathogens at mucosal sites [7, 8] . Stimulation with IL-6, IL-21 or IL-1b and TGF-b increases expression of the IL-23 receptor [9] through which IL-23 stabilises the Th17 phenotype [2, 9, 10] . Both Th1 and Th17 cells have been implicated in inflammation and autoimmunity [11] and IL-23 shares the p40 subunit with the classical Th1 cytokine IL-12 [12] . In some antigen-driven models of autoimmunity, diseases can be transferred by Th17 cells alone although it is not yet certain how effective targeting IL-17 will prove in clinical disease [13, 14] . Th17 cells play a role in chronic inflammatory liver diseases [2] . Numbers of circulating and intra-hepatic Th17 cells correlate with viral load and histological inflammation in chronic viral hepatitis [15, 16] and the frequency of intra-hepatic Th17 cells correlates with disease severity in alcoholic liver disease [17] . Pro-inflammatory Th17 cells accumulate in hepatocellular carci-noma and promote disease progression [18] . In primary biliary cirrhosis, Th17 cells are detected in the portal tracts near damaged bile ducts [19] . Conversely, the Th17 cytokine IL-22 is hepato-protective in acute inflammation and ameliorates alcoholic liver injury [20, 21] . We have recently reported high frequencies of Tc17 in human HCV-infected livers that correlate with control of disease progression [22] .
Although both Th17 and Tc17 are detected in chronic hepatitis, little is known about the molecular basis of their recruitment and subsequent positioning within the liver. We had previously shown that both effector and regulatory T cells [23, 24] used the chemokine receptor CXCR3 and its ligands to enter the liver via sinusoidal endothelium [23, 25] . In the present study, we show that CXCR3 is also critical for Th17 recruitment from the blood into the inflamed liver and that CCR6 is involved in subsequent positioning at epithelial interfaces.
Materials and methods
Human blood and liver tissue were collected with informed consent at liver transplantation. C57BL/6 mice were obtained from existing colonies at the University of Birmingham.
Isolation of peripheral blood lymphocytes (PBL), liver-infiltrating lymphocytes (LIL), and biliary epithelial cells (BEC) was carried out using published methods described in Supplementary Materials and methods [23, 24, 26] . 
Human and murine Th17 cells isolation

CCL20 measurement
CCL20 chemokine was measured in human BEC supernatants by ELISA (Supplementary Materials and methods) and CCL20 and IL-17RA mRNA was extracted from BEC and quantified by RT-PCR (Supplementary Materials and methods).
Immunohistochemistry and confocal microscopy
Human paraffin liver tissues were stained for immunohistochemistry and images captured with a Zeiss microscope (Supplementary Materials and methods) [23] .
Flow cytometry
Freshly isolated LIL from human and murine livers were stained for surface and chemokine receptors before in vitro stimulation followed by intracellular cytokine and transcription factors staining (Supplementary Materials and methods).
Th17 chemotaxis
Primary BEC cultures were stimulated with IL-17A or medium alone for 24 h, supernatants collected and placed in the bottom wells of 5-l pore transwells (Corning) with Th17 cells in the upper chamber in the presence or absence of blocking antibodies (Supplementary Materials and methods).
Flow-based adhesion assays
Recruitment of Th17/Tc17 by the hepatic endothelium in vitro was studied using a flow-based adhesion assay in which HSEC were cultured in micro-capillaries, stimulated for 24 h with TNF-a & IFN-c prior to perfusion of cells at a wall shear stress of 0.05 Pa. Adherent cells were visualised by phase contrast microscopy (10Â objective) (Supplementary Materials and methods).
Murine liver injury models and intra-vital microscopy
In vitro generated Th17 cells were labelled with 5 lM CFSE (Molecular Probes, Invitrogen) and 5 Â 10 6 cells injected into mice with either ConA hepatitis or CCL 4 -induced liver injury. Th17 interactions with hepatic vessels were imaged using intravital microscopy and a Sensicam CCD camera (Supplementary Materials and methods).
Statistical analysis
Data were analysed with Student's t-test when comparing numerical variables between two groups. One-way ANOVA analysis followed by Newman-Keul post hoc analysis or Bonferroni correction was used for comparisons between more than two groups. Statistical analyses were performed using GraphPad Prism software. A value of p <0.05 was considered statistically significant. Data are presented as mean ± SEM.
Results
Distribution, frequency and subsets of IL-17 cells in human liver
Immunohistochemistry revealed that the normal human liver contained very few IL-17 cells (Fig. 1B and G) whereas numbers of intra-hepatic IL-17 + cells increased in all chronic liver diseases studied ( Fig. 1C-F were detected, no co-expression was observed, suggesting that regulatory T cells in the inflamed liver do not secrete IL-17 ( Fig. 1K) .
Frequency, phenotype, and chemokine receptors expression of human intra-hepatic Th17/Tc17 cells Lymphocytes were freshly isolated from explanted human livers and analysed. Th17 and Tc17 cells were present in all liver diseases studied ( Fig. 2A and B ). Tc17 were also present in inflamed livers at slightly lower frequencies than Th17 ( Fig. 2A and B ). Very few liver-infiltrating Th17 and Tc17 cells were present in the normal liver. There was no significant difference between diseases ( Fig. 2A and B) . Both Th17 and Tc17 expressed high levels of RORC and were found within the CD161 high population, as previously reported ( Supplementary Fig. 1C ) [22] . Human liver-infiltrating Th17 expressed high levels of chemokine receptors, CCR6 68 ± 11% (mean ± SD), CXCR3 47 ± 11%, and CCR4 44 ± 13%, irrespective of the cause of liver disease (Fig. 2C) . We have recently reported that intra-hepatic CD161 + Tc17 express high levels of CXCR6 [22] and this was confirmed with CXCR6 being expressed on 61 ± 12% of Tc17. However, CXCR6 levels were lower on intra-hepatic Th17 cells. CCR6 and CXCR3 were expressed at similar levels on intrahepatic Tc17 cells (CCR6 64 ± 11%, CXCR3 53 ± 9%; Fig. 2C ). Th17 and Tc17 cells expressed high levels of b1 and b2 integrins (Fig. 2D ).
Presence of IL-17
+ cells around bile ducts and expression of the IL-17
receptor on BEC IL-17 cells were found close to bile ducts within inflamed portal tracts ( Fig. 1D and Supplementary Fig. 1B ), as previously reported [19] . We investigated the expression of the IL-17 receptor on BEC to determine whether these cells had the potential to respond to locally secreted IL-17 by Th17/Tc17. Human BEC expressed cell surface IL17RA ( Supplementary Fig. 1B ) and IL-17RA mRNA was detected on BEC and increased after cytokine treatment (Supplementary Fig. 1A ).
Human BEC express and secrete CCL20
The CXCR3 ligands CXCL9-11 are known to be expressed by hepatocytes, cholangiocytes, and stellate cells in liver disease [25, 29] but less is known about the CCR6 ligand CCL20. We detected CCL20 on intrahepatic bile ducts in inflamed human livers ( Fig. 3A) but not on other liver cells. To elucidate the regulation of CCL20 secretion by BEC, we measured CCL20 mRNA and protein secretion from human BEC in response to cytokine treatment. CCL20 mRNA was detected in untreated BEC and increased markedly in response to cytokine treatment ( Supplementary  Fig. 1A ) accompanied by an increase in secreted CCL20 in response to IL-1b, TNF-a + IFN-c, and IL-17 ( Fig. 3B ).
Peri-ductal Th17 positioning via CCL20-CCR6 and CXCL9-11 CXCR3
To determine whether BEC-derived chemokines attract Th17 cells, we studied the migration of Th17 cells in chemotaxis experiments to BEC-conditioned media ( Th17/Tc17 adhesion to HSEC under flow is dependent on CXCR3, ICAM-1, and VCAM-1
We used HSECs treated with IFN-c and TNF-a in flow-based adhesion assays to model inflamed HSEC, which express ICAM-1, VCAM-1, and CXCR3 ligands in chronic hepatitis [25] . Both Tc17 (Fig. 3D) and Th17 (Fig. 3E ) adhered to IFN-c and TNF-astimulated HSEC under flow and when flowed over cytokinestimulated HSECs, Th17/Tc17 displayed brief rolling/tethering interactions followed by arrest and stable adhesion (Supplementary Fig. 2 ). Cells undergoing stable adhesion from flow were significantly reduced by treating T cells with anti-CXCR3 or by endothelial treatment with anti-ICAM-1 and anti-VCAM-1 (Supplementary Figs. 2 and 3F , G). CLEVER-1, which is involved in regulatory T cells recruitment, had no impact on Th17/Tc17 recruitment ( Fig. 3F and G) . All experiments were compared with control microslides, in which control antibodies were used.
Recruitment of Th17 cells in response to acute and chronic liver injury in mice
We investigated the role of CXCR3 in Th17 recruitment in vivo in two mouse models of liver inflammation. C57Bl6 mice developed a severe acute hepatitis 8 h after tail vein injection with Con A, and C57Bl6 mice, treated for 6 weeks with biweekly intra-peritoneal CCL 4 , develop chronic liver injury, inflammation, and fibrosis. Th17 cells isolated from livers of Con-A or CCL 4 -treated mice expressed high levels of CXCR3 and CCR6 comparable to their human equivalents ( Fig. 4A and B) . Intermediate levels of CCR4 and CCR5 were also detected and decreased as the liver injury became chronic. IVM (Supplementary Videos 1-4) was used to study the recruitment of adoptively transferred Th17 cells via the hepatic sinusoids into the inflamed murine liver. CFSE-labelled ex-vivo generated Th17 cells were infused intra-arterially and their migratory behaviour and adhesion to hepatic sinusoids (Fig. 4C , D and F) and hepatic injury (Fig. 4E ) was recorded in animals with liver inflammation/injury and in controls (Fig. 4C and D) . Significantly more Th17 cells adhered to the sinusoidal endothelium in both injury models compared with control mice, and blocking CXCR3 ligand inhibited this adhesion (Fig. 4C, D and F) . In the Con-A model, anti-CXCL10 only partially inhibited adhesion whereas in CCL 4 -treated animals it reduced adhesion to the levels observed in control animals (Fig. 4C, D and F detected in both lobules and portal tracts and concentrated around bile ducts. The frequencies were increased in all diseases studied. We investigated the molecular mechanisms responsible for their recruitment and positioning within the liver. Chemokine receptors play a critical role in the recruitment of T cells to tissue and the selective expression of chemokine receptors on subsets of T cells together with the restricted expression of their chemokine ligands in tissues determines which particular T cell subsets are recruited to organs or sites of inflammation. In order to determine the chemokine receptors involved in Th17/ Tc17 cell recruitment to the human liver, we analysed expression of chemokine receptors on these cells. Intra-hepatic Th17 and Tc17 cells expressed high levels of CXCR3 and CCR6, and Tc17 cells also expressed CXCR6 at high levels.
We previously reported a critical role for CXCR3 in the recruitment of regulatory T cells in response to CXCL9-11 secreted by parenchymal cells and posted on the luminal surface of HSEC via interactions with proteoglycans in the glycocalyx [25, 27] . CXCL10 expressed by stromal cells subsequently supported migration of CXCR3 + T cells into the hepatic parenchyma or along myofibroblast conduits in the space of Disse to the portal tracts and biliary epithelium [25, 28, 31] . We now show that Th17 and Tc17 cells migrate to CXCR3 ligands in vitro and use CXCR3-mediated signals to bind to the sinusoidal endothelium from flow. We confirmed this in vivo in two different types of experimental liver injury. In the in vitro chemotaxis assays, we saw reduced migration after depleting the three CXCR3 ligands individually, and a greater effect when blocking CXCR3. These data show that all three chemokines are present in the supernatants and able to activate CXCR3. The ability to inhibit responses by depleting only one of the three ligands would suggest non-redundant roles for the three chemokines, a surprising finding in a simple migration assay. However, the analysis is complicated by the fact that CXCL10 and CXCL11 are allosteric ligands for CXCR3; CXCL10 and CXCL9 have vastly different affinities for uncoupled CXCR3 when compared with CXCL11, and CXCL10 and CXCL11 are allotopic ligands for coupled CXCR3 [29, 30] . Thus, the functional outcome of interactions between ligands and receptor is complex. This complexity may contribute to the more marked effect of blocking CXCL10 in vivo on liver injury but here the situation is further complicated by differential expression of the three ligands in response to injury. Thus, we have shown for the first time that Th17 cells use CXCR3-dependent pathways to enter the liver. These findings suggest that CXCR3 is the dominant receptor in promoting lymphocyte recruitment into the inflamed liver. The selectivity of recruitment does not occur at the level of the endothelium but subsequent signals determine where subsets of cells migrate within the inflamed liver. CXCR3 signals alone may be sufficient to recruit Th17 to the hepatic lobules but it is likely that other signals are required to position Th17 cells in portal tracts. The relatively high numbers of Th17 cells, which we and others have observed around bile ducts [19] , led us to investigate factors that attract Th17 to inflamed bile ducts.
Cholangiocytes secrete an array of chemokines in response to inflammation. We had previously reported CD8 effector and regulatory T cells use CXCR6 and CCR10 respectively, to localise at periductal area in portal tracts, and the present study suggests that CCR6 plays this role for Th17 cells [24, 31] . We detected high levels of CCR6 on intrahepatic Th17 cells, but this receptor was not involved in recruitment via sinusoids. This led us to determine where its ligand CCL20 is expressed in the liver and we found it to be largely restricted to bile ducts. Furthermore, cholangiocytes express CCL20 and IL-17RA and also secrete CCL20 in response to proinflammatory cytokines including IL-17. Th17 cells showed CCL20-dependent migration to cholangiocytes suggesting this pathway could be important in the positioning of Th17 cells in portal tracts in liver diseases. The fact that IL-17 secreted by Th17 cells increases CCL20 expression from cholangiocytes, creates a positive feedback loop through which Th17 cells can amplify the recruitment of more IL-17-secreting effector cells to the bile ducts. Th17 are important in controlling bacterial, fungal, and other pathogens, which might enter the liver from the gut via the biliary epithelium [8, 32] and requirement to provide protection at this epithelial interface may explain why Th17 are positioned at this site.
We have shown in this study that some intrahepatic IL-17 cells also secrete IL-22 that is important for epithelial healing and repair [21, 33] . The role of IL-17 and Th17 in liver injury is unclear and little is known about the balance of damaging inflammatory effects and beneficial reparative responses driven by IL-17 or Th17 cells in the liver. Studies in animal models provide conflicting data. Con-A hepatitis is ameliorated in IL-17 and IL-17 receptor knockout animals suggesting that IL-17 is proinflammatory in this model [34] . However, Lafdil et al. , and IL-17/22 double knock-out mice and reported that IL-22 and, to a lesser extent IL-17, provided relative protection from Con-A-induced liver injury [21] . A possible explanation for these findings is that IL-17 from multiple cellular sources can influence liver inflammation at several levels and the precise role of IL-17 will depend on the timing, duration, and nature of the inflammation. We conclude that Th17 cells use CXCR3 to enter the liver but require further signals via CCL20-CCR6 to migrate to the portal tracts and localise near bile duct that express the IL-17 receptor, where they are ideally located to provide protection against pathogens entering the liver [36] . 
